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Abstract

A pedestrian trip is a spatiotemporal process going through different states and related
to different decisions made at certain times and locations on the urban network. The
analysis of pedestrian trips in terms of crossing patterns is a complex task, which is
often further limited by a lack of appropriate and detailed data. The objective of this
research is the development and testing of appropriate indicators of pedestrian
crossing behaviour along urban trips, and a methodology for collecting and processing
the data required for the analysis of this behaviour. First, a comprehensive set of
indicators for the assessment of pedestrian behaviour in urban areas is proposed (i.e.
average trip length, number, type and location of crossings). Then, a GIS tool is
developed for the storage and integration of information on pedestrian trips, and the
crossings made during the trips, with other geographical information (e.g. road
network function and geometry, traffic control and pedestrian facilities). The
proposed approach is then tested at network level on a sample of pedestrian trips
collected by a field survey. The results suggest specific patterns of pedestrian crossing
behaviour, such as the tendency to cross at the beginning of the trip and the tendency
to cross at mid-block locations when signalized junctions are not available. The
results are further discussed in terms of urban planning and management implications.
It is concluded that the proposed approach is very efficient for the analysis of

pedestrian crossing behaviour in urban areas.
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1. Introduction

The analysis of pedestrian mobility and behaviour in urban areas may enable the
testing of alternative engineering and traffic control strategies, and the estimation of
the level of service and road safety of pedestrians. In particular, having information
on the number, type and location of crossings made during urban pedestrian trips may
be very useful for the planning, implementation and evaluation of interventions
aiming to create an uninterrupted and self-explaining walking environment, with
improved design and operational elements, such as protected crossings and other

pedestrian facilities (Papadimitriou et al. 2010).

Measuring pedestrian activity in urban areas is a complex task. The analyses of

pedestrian movements in urban areas are mainly devoted to route choice (Kukla et al.
2001; Hoogendoorn & Bovy, 2004; Antonini et al. 2006), activity scheduling models
(Borgers & Timmermans, 1986; Kitazawa and Batty, 2004), pedestrian flow or crowd
models (Lee and Lam 2008; Daamen et al. 2005) and evacuation models (Xiaoping et

al. 2009).

A lot of research is devoted to behavioural aspects of pedestrian activity; however,
different indicators of pedestrian behaviour are used in different studies, whereas a
framework for analysing pedestrian behaviour in urban areas in a complete and

systematic needs to be considered (Papadimitriou et al. 2009). The behavioural



indicators used are most often macroscopic, such the number of trips (Jonah & Engel,
1983) or the number of crossings (Howarth, 1982; Keall, 1995), the time spent
walking (Lee & Abdel-Aty, 2005) and the distance travelled (Baltes, 1998).
Moreover, several indicators dedicated to the crossing behaviour of pedestrians in
urban areas have been proposed, including the selection of crossing location, such as
the probability of crossing at junction or at mid-block (Chu et al. 2003, Baltes and
Chu, 2002), the acceptance of traffic gaps , such as the distribution of traffic gaps or
delays accepted (Hamed, 2001, Das et al. 2005), the compliance to traffic rules, such
as the proportion of crossings outside the crosswalk area or during the red signal
(Sisiopiku and Akin, 2003, Yang et al. 2006). However, most of these indicators
concern crossing behaviour at local level, whereas crossing patterns along entire trips

are seldom explored (Lassarre et al. 2007).

Moreover, the number of trips or the time spent during a walking trip is not precise
enough to assess the pedestrian’s exposure to the risk. In fact, a pedestrian is mainly
exposed to the risk of road accident when crossing a road (Duncan et al. 2002),
therefore the detailed recollection of crossings made by a pedestrian and the
characteristics of the traffic flows crossed is the basis to assess pedestrians' exposure

(Lassarre et al., 2007).

Within the various methodological issues that need to be addressed for analysing
pedestrian crossing behaviour during urban trips, one of the main limitations is the
lack of data and the relative difficulty in obtaining detailed and reliable data along real
pedestrian trips. Most researchers use data from video recordings, which can be very

efficient for a detailed description of local behaviour (Bierlaire et al. 2003); however,



they can not be used for network-level analysis purposes. Other researchers use
interview results (Hine 1996, Fitzpatrick et al. 2004), which can yield attitude rather
than behavioural data and often suffer from the known limitations of self-reporting. In
recent research, field survey techniques are proposed, which are based on following
pedestrians and recording their behaviour by means of a camera in motion
(Papadimitriou et al. 2010); despite the advantages of such techniques, significant
effort is required for processing and coding the important amount of information

collected.

Within this context, Geograghic Information Systems (GIS) can be used to code,
visualize and process spatial information in a very detailed and accurate way and
could be exploited for the analysis of pedestrian behaviour along urban trips (Li and
Tsukaguchi, 2005). Most existing pedestrian-related GIS applications concern either
macroscopic evaluations of pedestrian walking space, walkability and accessibility in
urban areas (Aultman-Hall et al. 1997; Crane & Crepeau, 1998; Schlossberg & Brown
2004; Parks & Schofer, 2006) or mapping and identification of high accident risk sites

for pedestrians (Miller 2000; Bajleri et al. 2007; Pulugurtha et al. 2007).

The use of GIS for the analysis of pedestrian crossing behaviour in urban areas could
provide an advantageous combination of sufficient level of detail, accuracy and
flexibility. The integration and spatial matching of quantitative and geographical field
survey data on pedestrian behaviour with road and traffic information in a GIS, would
allow for estimation of various pedestrian behaviour indicators in a straightforward
way, as well as for detailed analysis of this behaviour in terms of the effects of the

road and traffic environment. Moreover, the possibility of visualising the analysed



information offers additional advantages for the exploitation of the results in urban

planning and management.

According to the above, this research has a twofold objective: first, to propose a set of
appropriate indicators for the assessment of pedestrian crossing behaviour in urban
trips and second, to develop a GI1S-based survey framework for the collection and
processing of the necessary data at trip level. Both contributions are then tested by
means of a field survey in Lille, France, allowing to identify distinct pedestrian
crossing patterns in the study area and to demonstrate the usefulness of the proposed

approach.

2. Methodological contributions

2.1. Selection of pedestrian behaviour indicators

Pedestrian trips may be more or less complex and include several changes of
direction. A first problem, therefore, is to transform a complex trip from an origin to a
destination into an appropriate form, which could be analyzed in a more
straightforward way. Another is to localize, count and discriminate the different types
of crossing options (crossing a road at a junction or at mid-block, on or out of a

pedestrian crosswalk etc.).

In the present research, it is shown that trips with several changes of direction can be
handled similarly to trips with no change of direction, because the properties of road

crossings are largely defined by whether they take place across or along the ‘trip



roadway', regardless of the number of changes of direction. The trip roadway is here
defined as the sequence of road links of the road network, along which the pedestrian
trip takes place. Accordingly, the path of a pedestrian trip can be either parallel to the
trip roadway (i.e. the pedestrian is walking along the roadway on sidewalks) or

intersect with the trip roadway (i.e. the pedestrian is crossing the roadway).

On the basis of a topological analysis approach, the roadway of a pedestrian trip may
be considered to divide the plane in two distinct parts, an 'interior' and an ‘exterior’, as
shown in Figure 1. The origin and the destination of the trip are thus situated on either
part of the plane. It can be then shown that, in trips with origin-destination on the
same part of the plane (labelled O/D=1 from this point on) the pedestrian path will
intersect the trip roadway an even number of times, while trips with origin-destination
on different parts of the plane (labelled O/D=2 from this point on) will intersect the

trip roadway an even number of times™.

***Ejgure 1 to be inserted here***

Based on the above, two categories of crossings can be considered, taking into

account the road network layout and the pedestrian trip configuration (Lassarre et al.

2007; Papadimitriou et al. 2010):

* "Primary" crossings made across the trip roadway, at junctions or mid-block
locations.

« "Secondary" crossings made across roads perpendicular to the trip roadway, while

moving along the trip roadway, at junctions.

! This intuitive consideration is based on the 'Jordan curve theorem' of topology; for details the reader
is referred to Papadimitriou et al. (2010).



It has been demonstrated that the number of primary crossings is probabilistic, in the
sense that a pedestrian may choose between several options (junctions, mid-block
crosswalks, other mid-block locations etc.) available along the roadway, while the
number of secondary crossings is deterministic, in the sense that each secondary
crossing will take place at a given junction, either in the 'interior' or the 'exterior' part
of the plane, as a consequence of following the particular path (Lassarre et al. 2007).
For example, in Figure 1, in path (a) a primary crossing takes place across the second
road segment of the trip roadway; therefore a first secondary crossing takes place in
the exterior part of the plane. However, in a path (b) for the same trip roadway, a
primary crossing takes place across the first road segment, so a first secondary
crossing takes place at the same junction, but in the "interior' part of the plane. In any
case, a second secondary crossing takes place in the interior part of the plane just

before the destination.

As mentioned above, the total number of primary crossings along a trip depends on
the origin-destination combination in relation to the trip roadway. In particular, if the
origin and destination are on the same part of the plane (interior or exterior, as defined
above), a pedestrian would not have to cross; if the origin and destination are on
different parts of the plane, a pedestrian would have to cross at least once in order to
reach his destination. In complex trips with several changes of direction, pedestrians
are likely to make additional primary crossings, in order to minimize walking
distance. Therefore, the total number of crossings N along a pedestrian trip may be
described by a probability distribution, in relation to the O/D configuration of the trip

(Lassarre et al. 2007).



As regards the location of crossings, two levels can be identified: the first one
concerns the distribution of crossings along the trip. For instance, recent research
results suggest that pedestrians tend to make the necessary primary crossings to reach
their destination at the beginning of the trip, rather than towards the end of the trip
(Lassarre et al. 2007). It has also been found that pedestrians prefer to "cross first and
walk later” (Chu et al. 2003). Consequently, the distribution of the number of
crossings in relation to the distance from the trip origin would be a useful indicator of
pedestrians crossing behaviour, as it could reveal specific areas with increased

expected number of crossings e.g. around a pedestrian trip generator.

Furthermore, each crossing decision involves a choice between a set of specific
options offered to the pedestrian. In particular, in each road segment, two junction
options are available (one junction at the beginning and one junction at the end of the
road segment) and one mid-block location defined as the area between the two
junctions. Within this framework, it is noted that Junction 2 of a road segment
practically coincides with Junction 1 of the next road segment (see Figure 1). At the
moment of the crossing decision, the pedestrian shall have to identify the options
available nearby (junctions - traffic controlled or not, mid-block locations - protected
or not) and select one option (Chu et al. 2003, Lassarre et al. 2007). Therefore, the
comparison between the options available around each crossing with the
characteristics of the location of the crossing, may provide additional insight in the

way that pedestrians make crossing decisions.



According to the above, a set of indicators for the identification of pedestrians
crossing patterns can be considered as follows:
* Number of primary crossings per trip

- If origin-destination are on the same side of the roadway, then N {0, 2, 4, ...}

- If origin-destination are on different sides of the roadway, then N {1, 3, 5, ...}

Number of secondary crossing per trip

Distribution of primary crossings in relation to the distance from origin

Distribution of the type of crossing options available
- Junctions or Mid-block

- Protected or not

Distribution of the type of crossing locations selected
- Junctions or Mid-block

- Protected or not

These indicators, as well as the related probability distributions, can be estimated on

the basis of the analysis of a sample of collected trips. In the next sections, it will be

shown that this type of analysis can be based on a database of the road network and a

GIS methodology for matching the trajectories of pedestrians on the digitized road

network.

2.2. Exploitation of GIS

2.2.1. Data collection methods for pedestrian trips
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In order to collect detailed data on pedestrian trips, two techniques can be used: either
by equipping pedestrians with a GPS device and recording automatically the
trajectory of the trip (within the limits of precision and the failures of the device), or
by following pedestrians on the road, with or without their knowledge, and recording
the trip by drawing the trajectory on a map. In both cases, the data can be coded and

processed into a spatiotemporal referential geographical system.

When using a GPS device, one can obtain (X,y) coordinates at regular time steps. The
trajectory is then automatically recorded, by joining the locations collected in time,
and geo-referenced into a GIS. At the semantic level, for each point of the trajectory,
one gets time related information such as the time elapsed since the beginning of the
trip, an exact position, and an instantaneous speed. From that aspect, GPS data are

faster to obtain and to process.

However, when drawing the trajectories manually on a map, one can obtain a
continuous line following the "exact" trajectory (plus the times of crossings if a
chronometer is used). Moreover, accuracy problems may be encountered with GPS
devices, which are due to the variation in the reception of the signals in dense urban
areas. During a pilot survey carried out within the present research, two identical GPS
devices were used in parallel for the same trajectory (i.e. a person was equipped with
two devices during a 5 minute walk), and some non negligible deviations were
observed. These deviations mainly concerned the accuracy in the (x,y) coordinates
recorded, which may under certain conditions affect the number and location of

crossings recorded (e.g. misclassify mid-block crossings as junction crossings).

11



Although solutions to minimize these distortions are available nowadays, it was quite
difficult to obtain the amount and level of detail and accuracy of the necessary
information for analyzing pedestrians crossing patterns by means of GPS at the time

the survey was carried out (i.e. in 2004).

Consequently, within the present research, the following of pedestrians was opted for,
by drawing their trajectory on an orthomap and by recording on a sheet the
information related to the trip. In the following sections, it is shown how this method

is efficient for an in-depth recording of pedestrians' behaviour in urban areas.

2.2.2. A database for pedestrian urban trips

The data on pedestrian behaviour in the urban road network needs to be appropriately
structured and processed, so that it can be stored in a GIS. Part of the data comes from
official data files concerning the road network; however a lot of complementary

information needs to be collected, especially as regards pedestrian crossings.

In France, geographical data come from the National Geographical Institute (IGN),
which provides objective and official information on the territory. In order to analyse
the behaviour of pedestrian, it is important to have complete information on the road
network and the traffic conditions (e.g. traffic volumes, traffic control). Moreover,
new geographical data, not provided by IGN, has to be created and coded (e.g.

pedestrian crossing facilities, such as crosswalks).
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Therefore, the GIS designed in the present research is composed by 5 information

layers:

* A layer describing the accessibility (function) of the road network, in which road
segments are classified into three categories: pedestrian only, vehicle/pedestrian,
vehicle only (see Figure 3). Moreover, a standard graph representation (arcs and
nodes) is used. When a road segment is vehicle/pedestrian, it is further specified
whether both sides of the road are accessible for pedestrians, or whether only one
side (left or right).

* A layer describing the geometry of the road network, in which the following
attributes are recorded for each road segment: number of directions (i.e. one-way or
two-way road), road width, number of lanes in each direction, presence of lane
separation.

* A layer concerning the traffic lights. These are coded as additional nodes located on
the road network and their attributes include the type of location (junction or mid-
block), and the traffic streams covered (e.g. separate left-turn).

* A layer including the marked crosswalks, also coded as additional nodes on the arcs
representing the road network. Each crosswalk is defined by a set of attributes
including the number of lanes to cross, the nature of the protection offered (median)
and the type of the crosswalk (zebra, pelican, bridge, tunnel). This information is
obtained from aerial photographs.

A layer including information on sidewalks (shoulders) for each road.

3. Data collection and processing

13



3.1. Collection of data on pedestrian trips

The survey site was the area around the metro station "hotel de ville" (town hall) in
the Villeneuve d'Ascq suburban area of Lille, France. The study area is a new city and
focus is put on its southern part, which is the most active and populated one, and
includes three metro stations and a University campus. A map of the study area is

presented in Figure 2.

***Ejgure 2 to be inserted here***

For the purposes of the analysis, 83 adults (20-65 years old) were followed at the end
of March 2004 on weekdays at different time of the day (morning, evening, off peak
hours). Each individual was followed from the exit of the metro station without his or
her knowledge, during 5 minutes maximum, given that pedestrian behaviour in longer
trips may not be typical. There were a little bit more women than men in the sample

(54 %) and most of the pedestrians were alone on the trip.

In order to code the trajectory information, orthophotographs were used. These
images have a great spatial resolution (a pixel by 0.16 m), providing a very precise
localisation of the individual, both on sidewalks and crosswalks. For each following,
one surveyor noted the trajectory and another surveyor collected the information

related to the crossings made by the pedestrian.

3.2. Collection of geographical data
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The urban environment in the study area is dedicated to administrative tertiary sector,
trade, services of proximity, culture (forum of sciences) and residence, and also
includes a School of Architecture and a primary school. As regards the accessibility of
the road network, all three functions were identified in the study area, as shown in

Figure 3.

***Ejgure 3 to be inserted here***

The GIS tool developed followed the five-layer structure outlined in section 2.2.2.
The layers concerning the road network accessibility and geometry, as well as the
traffic control information, were obtained by the official IGN data. The main source
of additional information for the remaining layers was the use of orthophotographs
and the field survey data; it is noted that the most interesting aspects of pedestrian
behaviour were observable either on the sidewalks or at the crossing locations. The

details of the GIS tool are presented in Table 1.

***Table 1 to be inserted here***

3.3. Integration of the trajectories and the crossings of pedestrians

Two operations need to be undertaken once the data are introduced into the GIS: the

transformation of the raw trajectories into polylines (i.e. a digitalization of the trips

traced on the orthophoto during the field observations), and the spatial matching for

the identification of the crossings and their characteristics.
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3.3.1. Transformation of the raw trajectories into polylines

From the survey, 83 pedestrian trips were drawn on the orthophoto views and reported
in a GIS under the form of a georeferenced object. Each trip was inserted as an
additional separate layer (totalling a set of 83 layers), which could be combined with
the other layers of the GIS tool (road network, crosswalks etc.), and examined in
relation to the other geographic objects of the road network. The trips are
georeferenced by positioning them in accordance to the field characteristics on the
basis of matching (x,y) coordinates of the orthophoto with the GIS. Due to the great
precision of the orthophoto, sidewalks are easily identified and one can directly track
the trips on them. The trajectory is represented as a polyline (Figure 4), from which
the distance of the trip and the average walking speed can be calculated. It is noted
that a few trajectories are truncated at the end, which is the case when the trip lasts

more than 5 minutes (i.e. the maximum duration allowed for following).

***Ejgure 4 to be inserted here***

3.3.2. Spatial matching

The next step for the integration of the survey information consists in identifying and
characterising the crossings made by each individual, and by creating an additional
node for each crossing. All the crossings are obtained by just one operation:
intersecting two polylines (i.e. the pedestrian trip polyline and the road network
polyline). At each intersecting point identified, a point (node) is created and added to

the pedestrian trip polyline (Figure 4). This can be implemented either manually or

16



automatically, by means of appropriate commands. A Table with the attributes of each
crossing is also automatically attached to the geographical coordinates of its position,
including some geographical information of the road crossed (i.e. name of the road,

width of the road, traffic volume etc.) with a spatial join.

In addition to the information created by means of the automatic spatial matching,
additional information on each crossing can be coded, either automatically or
manually; this concerns the indicators of pedestrian behaviour (primary/secondary

crossing, junction or mid-block, distance from origin etc).

Summarizing, the spatial matching operations follow the following algorithm:

A) Identification of the trajectory as a polyline (automatically)

From the trip origin, connect to the network,
From the trip destination, connect to the network,
Do from origin to destination

Find the road segment, the direction and the side.

B) Identification and characterization of the crossings (automatically or manually)
Identify the points of crossing (a cell or a pair (x,y)) from the intersections of
trajectories with the network
Look for the location: junction/mid-block
Check if there is a traffic light
Check if there is a crosswalk

Characterize the crossing as primary or secondary

17



It is noted that, in the present research, the second operation was done manually, due
to the limited number of crossings to be processed. Nevertheless, it could be also done
automatically in a rather straightforward way, by implementing the appropriate
commands, allowing to identify the main trip roadway and classify crossings into

primary and secondary, as described in section 2.1.

4. Implementation and results

On the basis of the geographical data collected, a typology of pedestrian crossing
behaviour can be created based on the proposed set of indicators. First, basic
characteristics of pedestrian trips are analysed (i.e. length, duration, walking speeds).
Moreover, the number and type of crossings per trip are examined. Finally, a
breakdown of crossing decisions per junction or mid-block, protected or non-

protected is created.

4.1. Length and duration of pedestrian trips

The minimum length of the pedestrian trips monitored in the study area was 66 metres
and the maximum length was 800 metres, whereas the average trip length was 350
metres. By considering an average walking speed for adult pedestrians equal to 1.35
m/sec, an average walking time equal to 4.3 minutes can be estimated (with minimum
0.8 minutes and maximum 9.8 minutes). It is noted that the measure of the trip’s
speed is composite because it includes both the walking and the waiting time, as in

Equation (1).
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Average trip speed = (walking time along the sidewalk + walking time crossing the
road + waiting time before crossing + other waiting time on the sidewalk) / (length of

trip along the sidewalk + length of the crossings) Q)

The speed is therefore expected to depend on the age, the gender of the pedestrian and

on whether the pedestrian is walking alone or in a group.

By superimposing an appropriate grid over the study area (e.g. 3 x 3 metres cells, with
3 m the average width of a sidewalk), and by counting the number of passages
through each cell, it is possible to calculate the related densities and visualize the
overall distribution of the sampled pedestrian trips from the metro station (Figure 5)

in the study area. An advantage of this technique is that am immaterial and permanent
in time and space geographical layer is obtained, which allows for precise and

detailed analysis of the territory and the processes.

***Ejgure 5 to be inserted here***

From the distribution of the sampled pedestrian trips around the metro station, it can
be noticed that pedestrian density does not decrease with the distance from the metro
station. More specifically, pedestrian trips are not clustered around the metro station,
as might be expected, but are in their majority extended along specific axes of the
examined road network. This finding suggests that infrastructure design and traffic
control (e.g. in terms of sidewalk width, marked crosswalks and pedestrian signals)

should be implemented beyond the immediate proximity of the metro station.
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Moreover, it can be seen that increased pedestrian density is observed along roads
with decreased crosswalk density, suggesting that the placement of marked

crosswalks in the study area needs to be improved in order to meet the actual needs.

4.2. Number and type of crossings

The frequencies of crossings per trip are summarized in Table 2. The survey results
confirmed the initial assumption that, in trips where origin and destination are on the
same part of the plane (interior or exterior, as defined on the basis of the main trip
roadway), the number of primary crossings is even {0, 2, 4, ...}, whereas where
origin and destination are on different parts of the plane, the number of primary
crossings is odd {1, 3, 5, ...}. Moreover, pedestrians appear to minimize the total
number of primary crossings per trip. It is also interesting to note that all trips include

at least one secondary crossing.

***Table 2 to be inserted here***

In order to model the expected number of crossings during a pedestrian trip, various
probability distributions for discrete data were fitted to the frequencies of primary and
secondary crossings per trip (including Binomial, Poisson, Negative Binomial, Integer
Uniform and Geometric distributions). It is noted that the knowledge of the
probability distribution of the number of crossings per pedestrian trip may be
combined with the information on trip density in the examined area, for more efficient

and targeted planning of pedestrian facilities.
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Given the particularity of the primary crossings consideration, an appropriate
theoretical approach was opted for. First, the sample values (primary crossings per
trip) were truncated to 4, excluding the single case of 5 primary crossings per trip.
Then, given that the values {0, 2} refer to trips with side O/D=1 and the values {1, 3}
refer to trips with side O/D=2, the two sub-cases were examined separately. In this
framework, it is quite straightforward to consider that both sub-cases correspond to

Bernoulli trials with two possible outcomes, and thus follow Binomial distributions.

More specifically, the number of primary crossings in trips with side O/D=1
corresponds to a Binomial distribution with parameters (n=45, p=0.489), where n
equals the total number of trials and p equals the expected probability of successful
outcome (considering that the case of 2 primary crossings is the "successful™ outcome
against 0 primary crossings). Accordingly, the number of primary crossings in trips
with side O/D=2 corresponds to a Binomial distribution with parameters (n=38,
p=0.132), where n equals the total number of trials and p equals the probability of
successful outcome (considering that the case of 3 primary crossings is the

"successful™ outcome against 1 primary crossing).

Therefore, the distribution of the total number of primary crossings is a combination
of two Binomial distributions, which corresponds to a multinomial distribution with
parameters (n=82, p;=0.280, p,=0.390, p3=0.269, p,=0.061), where n is the total
number of trials and {pa,..., ps; are the expected probabilities for each possible

outcome (Figure 6).
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***Eigure 6 to be inserted here***

As far as the frequency of secondary crossings per trip is concerned, this is
independent of the O/D type and can be intuitively considered to follow a Poisson
distribution with parameter A=2.94, which corresponds to a chi-square goodness-of-fit
statistics equal to 1.58 with a p-value equal to 0.812. However, given that the zero
value is not available in the dataset (i.e. all trips include at least one secondary
crossing), a more appropriate distribution for this dataset may be a left truncated
Poisson distribution (Cameron and Triverdi, 1998, Bancroft et al. 1983), which is

defined as in Equation (2):

( 0 if 0<x <m-1
P(X=x) <{ = roL = if msx <
(X=x) = IRy (x=m,....,n) if msx <n (2
cem X!
\

In the case when just the zero value is excluded, as is the present case, the mean of the

left truncated Poisson distribution is:

EXIX>0)= o

As the mean of the observed distribution of the number of secondary crossing is equal
to 2.94, the mean of the left truncated Poisson distribution is estimated from the above
equation equal to A = 2.76. Testing the observed frequencies against this distribution

gives a chi-square goodness-of-fit value equal to 0.890 with a p-value equal to 0.827.
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It is thereby indicated that a left truncated Poisson distribution provides an improved

fit for the number of secondary crossings per trip (Figure 7).

***Eigure 7 to be inserted here***

4.3. Distribution of crossings within the trip

Another indicator of pedestrian behaviour is the location of crossings within the trip
i.e. the tendency of individuals to cross earlier or later along the trip. This analysis
only concerns primary crossings, as the secondary crossings are only a consequence

of the choice of primary crossings. The results of the survey are presented in Figure 8.

***Ejgure 8 to be inserted here***

It is interesting to note that 25% of primary crossings take place during the first 20%
of the trip length and 50% of primary crossings take place during the first 40% of the
trip length, regardless of the relative setting of origin and destination. This strongly
suggests that pedestrians are more likely to cross earlier along the trip, i.e. reach the
side of the roadway corresponding to their destination as soon as possible and then
carry out only the necessary secondary crossings. In particular, in trips with origin and
destination on the same side of the plane (O/D=1), where it was shown that
pedestrians are more likely to carry out two crossings, the crossings are distributed
along the trip in a more uniform way. More specifically, there is a higher probability
of crossing towards the end of the trip compared to the average, obviously due to the

fact that there is a second crossing to be carried out. On the contrary, in trips with

23



origin and destination on different sides of the plane (O/D=2), where it was shown
that pedestrians are more likely to carry out one crossing, 75% of primary crossings
take place on the first 60% of the trip length, while the probability of crossing towards

the end of the trip is lower compared to the average.

The above probability distributions can be exploited for weighting the number of
crossings along the related trips in relation to the total trip length. For example, it is
deduced that the distribution of primary crossings is not expected to be uniform along
the road axes of increased trip density identified in Figure 5, and therefore the priority
in the implementation of crossing facilities needs to be given within an estimated

range from the metro station in which primary crossings are more likely to occur.

4.4. Distribution of crossings between mid-block and junction

The selected location of a primary crossing is an important determinant of pedestrian
behaviour. The decision between junction and mid-block location, in combination
with the related selection of a protected or unprotected one, may vary significantly
between different individuals. In Figure 9, the decisions of pedestrians in the study

area are examined in relation to the respective options available.

***Ejgure 9 to be inserted here***

In particular, on each road link where a primary crossing took place, there were three

options available, junction 1 (i.e. the first junction on the pedestrian's way), mid-block

and junction 2 (i.e. the second junction on the pedestrian's way). It is reminded that
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mid-block corresponds to the area between the two junctions, and consequently nearly
infinite crossing location options may be considered in theory; in practice, the
differences in road and traffic conditions between two consecutive junctions will be in
most cases negligible, allowing to consider a single mid-block option for the whole

area between the junctions.

The right panel of Figure 9 shows the proportion of protected options for junction or
mid-block. A protected option refers to the presence of a marked crosswalk or a
traffic signal. The left panel of Figure 9 presents the breakdown of crossing decisions

of pedestrians per crossing option.

Only 15% of all crossing decisions concern junction 2; the rest of the crossing
decisions are evenly distributed between junction 1 and mid-block. More than one
third of all the options available in the study area were protected ones, and this
proportion is similar for all types of options (junction and mid-block). Surprisingly,
the results show that pedestrians prefer non-protected over protected crossing options
in general. In particular, the distributions of non-protected vs. protected crossing
decisions are in accordance to the respective distribution of the options available only
for junction 1; specifically, the odds ratio of non-protected decisions to non-protected

options is equal to 0.95 in this case.

On the contrary, at mid-block and at junction 2, non-protected crossing decisions are
clearly over-represented in relation to the related options available (the odds ratios are
equal to 3.62 and 2.85 respectively). With respect to mid-block options, this may be

attributed to the fact that pedestrians feel less protected at mid-blocks in general, or
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they sense that vehicles are less likely to yield for them at mid-block, regardless of the
presence of pedestrian crosswalk, and consequently they do not distinguish between
protected and non-protected mid-block locations. It is also noted, that very few traffic-
signal-protected options were available at mid-block in the study area. As regards
junction 2, this may be explained as follows: given that junction 2 of a road link is
strongly affected by junction 1 of the next road link, it is possible that pedestrians
crossing at junction 2 do not distinguish between these two options and feel protected

by the facilities of junction 1.

In general, from the above results, it can be deduced that pedestrians are more likely
to cross on the first option along their way (junction 1 or mid-block), however they

are less cautious at mid-block locations and appear to opt for non-protected ones.

5. Discussion

The results of this research concern an in-depth empirical analysis of pedestrian
crossing behaviour along urban trips. The proposed indicators and the related
probability distributions reveal specific crossing patterns over a sample of pedestrians
with a given activity at network level, as regards the length and density of trips in the
study area, the number of crossings (by type) per trip, the location of these crossings
within the trips, and the type of location for each crossing decision. These indicators
may be used for testing alternative engineering or traffic control strategies as per the
behaviour and safety of pedestrians in the study area. For example, the analysis of the

proportion of pedestrians crossing at mid-block reveals the need for improving the
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design and operational elements at junctions or for creating more mid-block crossing

facilities.

Moreover, the knowledge of the distribution of pedestrian crossings in relation to the
distance from the trip origin e.g. the metro station, reveals the need for area-wide
interventions for the improvement of pedestrians level-of-service and safety, beyond
the immediate proximity from the metro station. An important indicator was also
defined and estimated: the distribution of the number of crossings made along a trip
according to their type: primary or secondary. Given that several secondary crossings
are necessary for following a particular path (even a path of zero primary crossings),
facilities need to be implemented in a way to address the need for crossing

movements both across and along pedestrian trip roadways.

Moreover, the case-study of Lille indicated specific road crossing practices, such as
the relationship between the number of crossings (odd or even) and the origin-
destination configuration on the road network, the tendency to cross roads at the
beginning or the trip rather than later on, and the unattractiveness of mid-block
marked crosswalks for pedestrians. These results certainly reflect particularities of the
specific network (few traffic signals, low traffic volumes etc.). They also reflect the
socio-demographic composition of the pedestrians’ sample €.g. women tending to be
more cautious when crossing than men, or senior people choosing protected crossings

as much as possible, which were not given particular emphasis in the present research.

It would therefore be interesting to investigate these issues on a more typically urban

network, with higher traffic volumes and more diverse land use. It is underlined that
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traffic volume data can be integrated in the proposed GIS tool as an additional layer.
It would then be possible to examine the variation in the proposed pedestrian
behaviour indicators in relation to traffic conditions. Furthermore, it would be
interesting to examine pedestrian crossing behaviour in relation to trip purpose, as
well as in relation to whether it is a pedestrian-only trip or a complementary

pedestrian trip with other transport modes (e.g. car, public transport etc.).

The use of a GIS was proved to be very efficient for the localization and coding of the
information on trips and road crossings of the survey sample. The combined use of
orthophotographs and official geographic data allowed for the development of an ad
hoc five-layer tool. Moreover, the method of following pedestrians, rather than using
video recordings or GPS device outputs, allowed not only for the collection of very
detailed and accurate information but also for the storage and processing of the
information in a quite straightforward way. Although the whole process can be
implemented automatically, by means of additional computer programming, part of
the spatial matching of pedestrian trips and geographic information can also be carried
out manually, which may be proved to be more cost-effective with small samples as

the one in the present research.

The methods proposed in this research seem promising for the identification of
pedestrian crossing patterns in urban areas. A new survey method based on the
exploitation of GIS properties in pedestrian behaviour research was developed and
tested, focusing on the aspect of road crossing and addressing several existing
difficulties involved in obtaining detailed and accurate data on pedestrian trips.

Moreover, a comprehensive set of pedestrian behavioural indicators was proposed,
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covering all important aspects of pedestrian behaviour, including indicators used in

previous studies as well as new ones, and meeting the need for analysis at trip level.

The proposed set of indicators could certainly be extended to include other
information e.g. the degree of compliance to the traffic rules and yielding behaviour.
Such indicators could be easily added to the set of indicators on the crossing choices

of pedestrians (junction or mid-block).

The results can be exploited for urban planning and interventions to improve
pedestrian level of service e.g. assessment and comparison of different urban planning
scenarios with respect to the implementation of pedestrian crossing facilities at an

area-wide level.
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Table 1. Description of layers and attributes of the GIS tool

Layer

Attributes

Notes

Network
characteristics

- Type of road network
(pedestrian only, vehicle
only, pedestrian/vehicle)

* A single column is used

Road
characteristics

- Number of directions
(integer)

- Road width (metres)

- Number of lanes per
direction (integer)

- Presence of lane separation
(1/0)

* Number of directions and number of
lanes in each direction are available
in the same field.

* Another field is available where the
number of lane is estimated.

* Road width in metres corresponds
to the maximum width of the road

Traffic Lights

- X/Y coordinates

* Only traffic lights on the main road
network are considered

- Number of crosswalks per

* A separate column is created for

Pedestrian arc (integer) each type of crosswalk, including
crosswalks - Type of crosswalk (zebra, the related count
pelican, bridge, tunnel) * The coordinates are attributed to
- X/Y coordinates each crosswalk separately
* A separate column is used for each
side of the road, coded to match the
Pedestrian - Presence of sidewalk (1/0) node-to-node directions in the road
sidewalks attribute table. (e.g. Dir_AB_side,

Dir_BA _side for sidewalks between
nodes A and B)
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Table 2. Frequency of number of crossings per trip

Number of trips

Side O/D 1 | Side O/D 2 | Total
Crossings per trip Primary Secondary
0 23 23 0
1 32 32 11
2 22 22 16
3 5 5 10
4 0 0 8
9) 1 1 4
6 0 0 2
7 0 0 2
8 0 0 1
Total trips 45 38 83 121
Total crossings 44 52 96 159
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Figure 1. Trip characteristics, primary and secondary crossings
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Figure 2. Map of Villeneuve d’Ascq - Lille and its south part.
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Figure 3. Accessibility of the road network in the study area

40



Figure 4. Spatial matching and coding of information related to trips and crossings.
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Figure 5. Density of sampled trips around the metro station Hotel de Ville.
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Multinomial distribution (82 ; 0.280, 0.390, 0.268, 0.061)
of primary crossings per trip
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Figure 6. Observed and fitted distribution of the number of primary crossings per trip
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Truncated Poisson (2.76) distribution
of secondary crossings per trip
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Figure 7. Observed and fitted distribution of the number of secondary crossings per

trip
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Figure 8. Distribution of primary crossings per trip length
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Crossing decisions

Crossing options available
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Figure 9. Pedestrian crossing decisions (junction or mid-block / protected or non-

protected) and related options available.
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